Linking the timing of allanite growth to metamorphic conditions in metapelites is particularly challenging because of the large variety of allanite textures and chemical compositions. This study focuses on five garnet-biotite metapelites retrogressed to different extents, from the internal domain of the Longmen Shan (eastern Tibet) from which few petrochronological data documenting the metamorphic ages are available. Microstructural observations were combined with whole-rock compositions, detailed mineral characterization, phase equilibria modelling, and in situ U-Th/Pb allanite dating to gain insights into the allanite reactivity relative to other rock-forming minerals. All samples experienced similar peak temperatures of 560-600 C. Allanite is the main rare earth element (REE)-bearing accessory mineral but it exhibits different textures, such as epidote rims with distinct REE contents as well as late inclusion-like dissolution features. Garnet is, along with allanite, critical to reconstruct the REE budget of these rocks. In the two samples where allanite is observed as inclusions in garnet, garnet shows no textural zoning and a low Y content (<90 ppm). This is attributed to early Y fractionation in allanite and epidote rims with no further equilibration with garnet. This allanite is therefore pre-garnet (T < 520 C). In the sample where allanite is observed only in the matrix, both garnet and allanite-epidote rims exhibit more complex textural and compositional zoning, with a higher Y content in garnet. The Y incorporation in garnet is attributed to a series of reactions involving allanite, interpreted as syn-to post-garnet growth (T > 520 C). This relative chronology is confirmed by in situ U-Th/Pb allanite dating: pre-garnet allanite shows ages of c. 200 Ma, whereas syn-to post-garnet allanite has ages of c. 180 Ma. The timing of allanite appearance strongly correlates with the biotite-in reaction predicted by the models and observed in microstructures. In the two samples collected close to the major Wenchuan Shear Zone-deformed up to mylonitization and retrogressed under greenschist-facies conditions (3-4 6 1 kbar, 350-400 C)-allanite still preserves the peak metamorphic ages (c. 200 and c. 180 Ma). Allanite and its epidote rims, however, are fragmented and partly replaced by a retrograde assemblage of Qz þ Pb-depleted (<100 ppm) monazite, providing an age <90-100 Ma. Our results allow different metamorphic stages for the studied transect in the central Longmen Shan to be refined: a prograde path at c. 200 Ma, a thermal relaxation and exhumation from c. 180 Ma, and a late greenschist overprint. This study also shows that when allanite is the principal phase in a mineral assemblage datable by U-Th/Pb, detailed observations of allanite textures may be highly informative in constraining the timing of its growth relative to other major mineral phases.
INTRODUCTION
The use of allanite [rare earth element (REE)-epidote of idealized structural formula CaREEAl 2 Fe 2þ Si 3 O 11 O(OH); Gieré & Sorensen, 2004] as a geochronometer has progressively increased in recent decades to date metamorphic stages (Gregory et al., 2007 (Gregory et al., , 2012 Janots et al., 2009; Kim et al., 2009; Radulescu et al., 2009; Cenki-Tok et al., 2011; Rubatto et al., 2011; Janots & Rubatto, 2014; Loury et al., 2016; Giuntoli et al., 2018) . Allanite is stable over a wide range of temperature (T) and pressure (P) (Wing et al., 2003; Janots et al., 2006 Janots et al., , 2008 Tomkins & Pattison, 2007) , including relatively low-grade metamorphic conditions, where it may represent the only target mineral for U-Th/Pb dating (e.g. Janots et al., 2009; Janots & Rubatto, 2014) .
The metamorphic sequence of REE-bearing minerals in metapelites at low-to medium-grade metamorphism is relatively well known (see Engi, 2017 , for a review). Petrological investigations show that allanite commonly forms at the expense of detrital or metamorphic monazite (or more rarely detrital allanite; Goswami-Banerjee & Robyr, 2015) at 400-450 C (Janots et al., 2008 , close to the biotite-in reaction (Wing et al., 2003; Goswami-Banerjee & Robyr, 2015) , and that it is consumed to form monazite at the staurolite-in reaction (e.g. Wing et al., 2003; Corrie & Kohn, 2008; Janots et al., 2008) . Hence, in medium-grade garnet-biotite metapelites, allanite (6 apatite and zircon) is likely to represent the main host for Th, U, REE (corresponding to lanthanides) and Y. In these rocks, allanite can exhibit a large variety of textures depending on the reaction history during metamorphism (Sorensen, 1991; Finger et al., 1998; Janots et al., 2008 Janots et al., , 2011 . Although efforts have been devoted to strengthen our understanding of the reaction mechanisms between allanite and monazite (Smith & Barreiro, 1990; Finger et al., 1998 Finger et al., , 2016 Janots et al., 2008; Spear & Pyle, 2010; Regis et al., 2012; Goswami-Banerjee & Robyr, 2015) , less is known regarding the reactivity of allanite and the timing of allanite growth relative to other index metamorphic minerals (e.g. garnet and biotite), within the allanite stability field. This is, however, crucial to accurately link allanite ages to metamorphic stages (Engi, 2017) .
The present study focuses on garnet-biotite metapelites from the central Longmen Shan, at the eastern border of the Tibetan plateau (Fig. 1a) . The rocks underwent medium-grade metamorphism at amphibolitefacies conditions (Dirks et al., 1994; Worley & Wilson, 1996; Airaghi et al., 2017b) and were overprinted to different extents under greenschist-facies conditions (Airaghi et al., 2017a) . Detailed petrological investigations and 40 Ar/ 39 Ar biotite ages reveal a prograde to peak-P stage at c. 220-200 Ma and a peak-T at c. 180 Ma (Airaghi et al., 2018a) . The significance of Ar-Ar ages at C is often controversial because of possible age resetting owing to Ar diffusion (e.g. Villa et al., 2014; Cossette et al., 2015; McDonald et al., 2016) . It is therefore crucial to test-in different locationswhether the successive P-T stages of the amphibolitefacies metamorphism are also recorded by geochronometers such as allanite, which can be dated by U-Th/ Pb and have a high nominal closure temperature (T > 700 C; Rubatto et al., 2001; Gregory et al., 2012; Engi, 2017) .
Five allanite-bearing metamorphic rocks, in which allanite exhibits a variety of complex microstructures, were selected for this study. To identify the timing and reaction processes responsible for allanite growth and resorption relative to other minerals, we combined microstructural observations, characterization of major minerals and allanite (and monazite when present) and thermobarometry with in situ U-Th/Pb allanite and monazite dating. This multi-method approach greatly improves our understanding of the metamorphic history of the medium-grade metapelites and, at the regional scale, allows the timing of metamorphism in the Longmen Shan to be more precisely constrained, with significant implications for the geodynamical history of eastern Tibet.
GEOLOGICAL SETTING
The Longmen Shan mountain belt is located at the eastern border of the Tibetan plateau, between the Songpan Ganze (SPG) block to the west and the Sichuan Basin (lying on the South China craton) to the east (Fig. 1a) . Structural, petrological, geochronological and thermochronological studies provide several lines of evidence for three compressional phases that affected the belt in the past. The first one is linked to the Late Triassic-Early Jurassic closure of the Paleotethys (Chen & Wilson, 1995; Harrowfield & Wilson, 2005; Roger et al., 2010; Yan et al., 2011; Airaghi et al., 2018a) . The second one occurred during the Early Cretaceous (Airaghi et al., 2017b (Airaghi et al., , 2018a (Airaghi et al., , 2018b following the Lhasa-Qiangtang block collision. The third one is related to Cenozoic reactivation starting in the Eocene (Arne et al., 1997; Kirby et al., 2002; Richardson et al., 2008; Godard et al., 2009; Li et al., 2012 Li et al., , 2015 Wang et al., 2012) .
From east to west three faults strike parallel to the belt: the Guanxian, Beichuan and the Wenchuan faults (GF, BF and WF in Fig. 1a ). The WF is the Cenozoic expression of a Mesozoic tectonic discontinuity lying in a larger ductile fault zone, the Wenchuan Shear Zone (WSZ in Fig. 1b and c) subparallel to the WF. The Neoproterozoic South China Craton is exhumed in the Pengguan, Xuelongbao and Tonghua crystalline massifs, in the hanging wall of the major Beichuan and Wenchuan faults ( Fig. 1a and b ; Zhou et al., 2006; Yan et al., 2008) . Crystalline massifs crop out through the metamorphosed Paleozoic to Mesozoic sedimentary cover.
Samples for this study were collected in the hanging wall of the Wenchuan fault, along a NW-SE cross-section between the Xuelongbao and Tonghua massifs (Fig. 1b) , at a decreasing distance from the WF.
Here, sedimentary units include deformed and metamorphosed Silurian metapelites and metagreywackes (with minor limestones) folded in a tight system of SEverging anticlines and synclines (Fig. 1c) . East of the studied cross-section (AA' in Fig. 1b) folds are oriented NE-SW; west of the studied cross-section they are oriented roughly east-west. A WNW-ESE-directed strikeslip fault is observed close to Wenchuan town (Fig. 1b) . This fault may extend northwestward in a ductile shear zone, accommodating the transition between the domains characterized by the two different fold directions (Fig. 1b) . The Cambrian-Ordovician units are thrusted over the Silurian metasediments along two NE-SW ancient thrusts (continuous red lines in Fig. 1b) on each side of the studied cross-section. Thrusts may vanish in the ductile strike-slip structure or may extend southward and northeastward in the Silurian sediments ( Fig. 1b and c) . The stratigraphic continuity along the cross-section, however, suggests that they would be related to an only minor vertical offset of the metasedimentary series (Fig. 1c) .
PETROGRAPHY OF THE SAMPLES
Five samples were selected for this study (Fig. 2) ; their characteristics are summarized in Table 1 . Samples w13-5, w13-4 and w13-3 are 'fresh' garnet-biotite meta- þFs (mainly Ab) with Ap and Aln (6 Mnz, 6 Tur) as accessory phases [mineral abbreviations are from Whitney & Evans (2010) except for Wm ¼ white mica]. Mineral proportions were obtained using the point counting method applying the software JMicrovision on a slide image of the thin section.
Samples w13-5 and w13-4 best preserve the crosscutting and overprinting relations among successive microstructures. The main foliation is defined by S 2 cleavage domains (100-600 mm wide) made of elongated white mica grains (30-100 mm in size), quartz microlithons ( Fig. 3a-d ) and small biotite grains (200 mm in size) only in sample w13-5 (Fig. 3b ). An earlier S 1 cleavage is preserved in asymmetric microfolds among the S 2 domains and is defined by 20-50 mm white mica (6 chlorite) grains (e.g. Fig. 3a and c) .
Metapelites w13-5 and w13-4 contain $10 vol. % and $8% of biotite, respectively, wrapped by the S 2 cleavage (Figs 2a, b and 3a, c, d) . Biotite mainly appears as porphyroblasts of 500 mm to 5 mm, exhibiting surfaces crenulated according to two different microfold axes, undulose extinctions, irregular grain boundaries (e.g. Fig. 3d ), and Qz and Ab inclusion trails oblique or subparallel to S 2 (marked as S 1 in Fig. 3a, c and d) . Garnet also appears as euhedral porphyroblasts, wrapped by the S 2 cleavage (Fig. 3b and c) . Sample w13-5 contains large (1-4 mm) garnet grains ($7 vol. %) with lobate grain boundaries, locally rich in quartz inclusions (Figs 2a, 3b and 4a) . Sample w13-4 contains sparser ($5 vol. %) and smaller (800 mm-1 mm) garnet grains, showing a 200 mm inclusion-free core, an intermediate inclusion-rich mantle zone with lobate contours and a thinner (c. 100 mm wide) inclusion-free rim (Figs 2b, 3c and 4b) . The inclusion trails in garnet mimic the folded S 1 (Fig. 3c) . Whereas in sample w13-5 garnet is in contact with biotite porphyroblasts (textural equilibrium), in sample w13-4 garnet shares grain boundaries with chlorite ( Fig. 3c) but it is not observed in direct contact with biotite (it develops in distant growth sites). Garnet and biotite are associated with ilmenite, elongated in S 1 (w13-5) and S 2 (w13-5 and w13-4) (Figs 2 and 3a-c). Apatite grains of $10-15 mm are observed as inclusions in garnet and in the matrix in sample w13-5, and only in the matrix in sample w13-4.
Sample w13-3 is less deformed than samples w13-5 and w13-4. The early Wm þ Chl-bearing S 1 -S 2 cleavage is almost completely overprinted by euhedral grains of Bt, Grt, Ilm, Wm and Chl (Figs 2c and 3e, f). Biotite porphyroblasts ($4 vol. %) exhibit irregular grain boundaries and are partially overgrown by white mica Aln, allanite; RSCM, Raman spectroscopy on carbonaceous material; GS, greenschist facies. P-T conditions (when not otherwise specified) refer to the maximum pressure and temperature conditions reached by the sample (not necessarily simultaneously).
(100-200 mm; Fig. 2f ). Garnet shows rims in sharp contact with biotite ( Fig. 3e) . Compared with the samples described above, garnet grains (6-10 vol. %) are larger (3-4 mm), inclusion-free, texturally homogeneous, fractured and locally surrounded by chlorite (Figs 2c, 3e, 4c and 5e). Apatite grains of 10-25 mm size are observed as inclusions in garnet ( Fig. 4e ) and in the matrix. Approaching the Wenchuan shear zone the garnetbiotite-bearing assemblage becomes progressively retrogressed under greenschist-facies conditions. In sample w13-2 garnet is no longer present (Fig. 2d) . Biotite ($4 vol. %) appears as porphyroblasts wrapped by S 2 , rich in albite inclusions oblique to S 2 , and extensively replaced by euhedral Chl þ Wm grains (100-200 mm; Fig. 2g ). Sample w13-1, collected within the WSZ, is a mylonite comprising Chl þ Wm þ Qz þ Ab (þ Aln þ Mnz as accessory phases), with an extremely tight and pervasive cleavage (Figs 2e and 3h ) and dark oxide-like porphyroblasts wrapped in the main foliation ( Fig. 3h and i). Backscattered electron (BSE) images reveal that the pseudomorphs consist of Rt þ Chl þ KFs (6 Ms 6 Pyrite; Fig. 3i ), suggesting biotite breakdown owing to retrogression (Stober & Bucher, 2002) .
In all samples, the S 1 and S 2 cleavages are interpreted as prograde to peak microstructures, as for units located $40 km northeastward in an equivalent structural position (Dirks et al., 1994; Airaghi et al., 2017b Airaghi et al., , 2018a Airaghi et al., , 2018b ). Garnet and biotite are the index minerals of the amphibolite-facies metamorphism. Microtextures indicate that biotite is pre-to syn-garnet in samples w13-5 and w13-3, whereas in sample w13-4 it is syn-to post-garnet growth, as indicated by the different geometry of inclusion trails and the absence of textural equilibrium. The euhedral shape of minerals in sample w13-3 suggests an extensive equilibration of the mineral assemblage at conditions post-dating the S 2 -forming stage. In the retrogressed sample w13-2 biotite is syn-S 2 .
ANALYTICAL METHODS

Bulk-rock composition
Bulk-rock and mineral chemical compositions were determined to unravel variations in the REE þ Y content between samples and to determine their metamorphic conditions of formation (P-T). Whole-rock major and trace element compositions were obtained by inductively coupled plasma optical emission spectrometry (ICP-OES) and laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) using fused glass beads, respectively, at the Bureau Veritas Commodities Canada Ltd (Vancouver, Canada). 
Mineral characterization
The chemical compositions of Grt, Bt, Chl and Wm were obtained by electron probe microanalysis (EPMA) using a JEOL JXA-8230 instrument at the Institut des Sciences de la Terre (ISTerre, Grenoble, France), using 15 keV as accelerating voltage, a 12 nA specimen current, and a beam size of 1 mm. The major element and Y concentrations in garnet (at least three grains per sample) of fresh garnet-bearing metapelites (w13-5, w13-4 and w13-3) were analyzed along core-to-rim transects and via X-ray maps to decipher the crystallization sequence of garnet and allanite. Transects were obtained with an 15 keV accelerating voltage and 500 nA beam current. X-ray maps of garnet were made at 20 keV, 200 nA with a dwell time of 200 ms. Maps were transformed into maps of oxide weight percentage with the software XMAPTOOLS 2.3.1 (Lanari et al., 2014 .
In sample w13-3 several garnet grains (>2 mm diameter) were too large to be mapped by EPMA in a convenient time for acquisition. They were therefore analyzed with an EDAX Eagle III X-ray fluorescence (XRF) spectrometer, equipped with a Rh anode operating at 20 keV and 200 mA, at ISTerre. XRF maps were acquired with a 30 mm beam, 24 mm step interval in both map directions and a dwell time of 500 ms per pixel.
Allanite grains and later alteration to monazite were identified in polished thin sections using BSE images. The chemical composition of allanite was analyzed by EPMA at 15 keV, 20 nA, with a beam size 1 mm. Allanite X-ray compositional maps were acquired using EPMA at a 300 nA specimen current with a dwell time of 200 ms. Monazite observed in retrogressed samples w13-2 and w13-1 was analyzed by EPMA at 15 keV, 200 nA, using a beam size <1 mm. The detailed protocol for monazite analysis is given in Supplementary Data S1 (supplementary data are available for downloading at http://www.petrology.oxfordjournals.org). An attempt at U-Th/Pb monazite dating by EPMA was carried out, but Pb concentrations in all monazite grains were below the detection limit ($130 ppm), which prevented us from obtaining quantitative ages, but allowed us to estimate an upper age limit of 90-100 Ma (see Supplementary Data S1; Montel et al., 2000) .
Raman spectroscopy on carbonaceous material (RSCM) was used to analyze the organic material in sample w13-1, employing a Renishaw InVia Reflex microspectrometer (ENS Paris, France) equipped with a 514 nm Spectra Physics diode laser in circular polarization, at a laser power of 12 mW. Fifteen spectra were acquired for the sample and processed using the software PEAKFIT V C .
U-Th/Pb allanite geochronology
In situ U-Pb/Th dating of allanite was performed by LA-ICP-MS on the same polished thin sections as used for the microstructural, petrological and thermobarometric studies at the Institute of Geological Sciences (University of Bern) with a GeoLas Pro & 93 nm ArF excimer laser ablation system coupled with an ELAN DRC-e quadrupole ICP-MS (QMS) system. The data acquisition procedure and the data reduction technique have been summarized by Burn et al. (2017) . Aluminium was also measured by LA-ICP-MS and quantified using the glass SRM610 from NIST, and Si was used as internal standard. The laser operating conditions were 9 Hz repetition rate and 2Á5 J cm -2 fluence, with a beam diameter of 24 mm. The analyses were bracketed with the zircon reference material Ple sovice (Slá ma et al., 2008) used as a primary standard and the reference materials BONA b (Burn et al., 2017) and TARA (Gregory et al., 2007) to check the accuracy of each analytical session. Standards were measured after every 10 sample analyses. One analysis consisted of 60 s of measurement preceded by 20 s of washout, 40 s of background counting and $10 s of pre-ablation of the surface (carried out with a laser beam diameter of 32 mm to avoid contamination by surface common lead). Data were reduced using the non-matrix-matched standardization procedure of the in-house software package TRINITY (Burn et al., 2017) .
An average of 10-20 analyses were performed for each sample. Grains were chosen on the basis of their size (>30 mm), in domains away from epidote rims. Analyses exhibiting age zoning were discarded during the integration process and only flat age signals were selected. U-Pb and Th values from several allanite grains in the same sample were processed as a single population to retrieve a unique weighted mean age. This strategy was supported by the petrological observations showing that allanite grains shared similar characteristics within a specific sample.
RESULTS
Bulk-rock and mineral compositions
Bulk-rock major and REE chemical compositions are reported in Table 2 . Sample w13-3 is significantly enriched in CaO (3Á3 wt %) compared with other metapelites (0Á19-0Á59 wt %). The total REE þ Y content is similar in samples w13-1, w13-4 and w13-5 (202-250 ppm); w13-2 and w13-3 have higher REE and Y contents (372 and 333 ppm).
Representative chemical analyses of minerals are listed in Table 3 . Garnet in sample w13-5 exhibits bellshaped compositional zoning, with a progressive decrease in both Mn and Ca and an associated increase in Fe and Mg from the core through the mantle to the rim (Fig. 4a) . The Y content is close or below the EPMA detection limit, estimated at $90 ppm (<0Á0007 a.p.f.u.; Fig. 4a and Table 3 ). Quantitative maps show dissolution features and lobate chemical zoning around inclusions (Fig. 5a ). In garnet of sample w13-4 the Mn content also decreases from core to rim, whereas the contents of both Fe and Mg increase (Figs 4b and 5c). The shape of the zoning profile comprises a flat core area of $600 mm and a mantle to rim region of $200 mm in which composition varies more rapidly (Figs 4b and 5c).
Garnet also exhibits a weak Ca zoning, which is discordant with the other elements; Ca slightly increases from the garnet core to the mantle and decreases from the mantle to the rim (Table 3 ). Garnet of sample w13-4 exhibits (1) a core with higher Y content, (2) a Y-poor mantle zone, and (3) a relatively Y-rich rim (Figs 4b and 5d and Table 3 ). The Y zoning corresponds to the textural zoning observed in the BSE images, but is different from the zoning in Mn, revealing a decoupling between some major and trace element zoning patterns. In sample w13-3, garnet <2 mm has a relatively homogeneous composition in Fe, Ca and Mg (Figs 4c and 5b). The Mn content slightly decreases from core to rim (Fig. 4c) , and Y is < $90 ppm ( Fig. 4c and Table 3 ). The XRF compositional maps of garnet grains >2 mm show zoning features similar to those of smaller garnet grains (Fig. 5e) .
The Ti content of biotite slightly increases from core to rim of porphyroblasts in samples w13-3 and w13-5, but it is homogeneous in biotite of sample w13-4 and is irregular in biotite of sample w13-2 (Table 3) .
Samples w13-5, w13-3 and w13-1 exhibit a single Wm compositional group (dominant muscovite endmember of 70%; Table 3 ). By contrast, metapelite w13-2 contains two Wm groups (Table 3) : the first (Wm1) includes the cores of white mica grains aligned in the main S 2 cleavage; the second group (Wm2) includes the rims of the Wm grains and late Wm porphyroblasts, and exhibits a lower Si content and X Mg (Table 3) . In this sample, two chemical groups of chlorite are also recognized: the first (Chl1) is the product of the breakdown of biotite, whereas the second group (Chl2) is observed in the matrix and shows lower Si and higher Al contents compared with Chl1 (Table 3 ). In sample w13-1, only one group of chlorite was observed.
P-T estimates
Following Airaghi et al. (2017b) , different thermobarometric approaches (iterative forward and multiequilibrium thermodynamic modelling, Ti-in-biotite thermometry and RSCM; see Table 1 ) were combined to investigate the evolution of the mineral assemblages and the mineral compositions along the reconstructed P-T trajectory.
Thermodynamic modeling
The metamorphic conditions as well as the sequence of mineral growth were modeled using a two-step approach. First, optimal P-T conditions of the successive garnet growth zones were calculated in the three garnet-bearing samples (w13-5, w13-4, w13-3) using the program GRTMOD Fig. 6a ) and the bulk-rock compositions given in Table 2 . These P-T stages (especially for w13-5, which best preserves the entire metamorphic history) define a prograde trajectory that, if compared with the P-T data obtained by Airaghi et al. (2017b) for the early prograde and postpeak-P condition in samples located in an equivalent structural position, can be used to infer a 'representative' P-T path (grey line in Fig. 6a ). In a second step, the volume fraction of each mineral phase and their chemical compositions were modeled along the representative P-T path using THERIAK-DOMINO (de Capitani & Brown, 1987; de Capitani & Petrakakis, 2010) . Model predictions were compared with the chemical analyses and with the observed mineral assemblages (Fig. 7 and Supplementary Data Fig. S1 ). The last updated version of the thermodynamic database of Holland & Powell (1998) was used for phase equilibria modeling with the list of activities provided in Supplementary Data S1. A pure H 2 O fluid was assumed to be in excess. Because all these samples contain a significant amount of ilmenite, suggesting reduced conditions, all Fe was assumed to be divalent (e.g. Diener & Powell, 2010; Weller et al., 2013) .
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stable mineral assemblage, suggesting reaction overstepping of $40 C (Fig. 7a) . Garnet mantle and rim compositions, as well as the measured garnet volume proportions, plot at 7Á5 kbar, 530 C and 10 kbar, 600 C, respectively. Along the reconstructed P-T path (grey line in Fig. 6a ), biotite is predicted to be stable before garnet nucleation, but the main episode of growth occurs when garnet becomes stable at $520 C. The Si contents in biotite and white mica correspond to the values predicted by the model at $520 C (Supplementary Data Fig. S1 ).
In sample w13-4, optimal solutions for the different stages of garnet growth with high residuals values were found at similar T (Fig. 6a ), but at lower P (around 5-6 kbar). As these probably reflect a bulk-composition effect (see below) rather than real depth differences, only the temperature information of garnet growth is used in the following (shown as vertical dashed lines in Fig. 6a ). Temperature conditions were inferred using the Fe-Mg exchange reactions (Fig. 7b) . The lowest temperature at which garnet cores are predicted to be stable is $520 C. Mantle and rim compositions are predicted to be stable at 550
C and 575 C, respectively (Fig. 7b) . In this sample, biotite is predicted to become stable along with garnet, whereas the main episode of growth takes place later at $560-575 C (Fig. 7b) . In sample w13-3, garnet chemical composition and modal abundance (>10 vol. %) are predicted at 570 C, 8 kbar (Fig. 6a) . Biotite mainly grows before garnet (Fig. 7c) , where the predicted Si content as well as the Si in Wm best fit the measured values ( Supplementary  Data Fig. S1 ). For this sample, the evolution of the volume fraction of each mineral phase and chemical composition was modeled to the point of garnet appearance, as microstructures make it difficult to assess if garnet grew during a prograde stage or near the metamorphic peak.
Additional thermobarometric constraints
Phase equilibria modeling was coupled with Ti-inbiotite thermometry (Henry et al., 2005) in all samples containing this mineral. Calculated temperatures are summarized in Table 1 . The temperature variations observed in sample w13-2 (573-581 6 24 C) are associated with the Ti content of the different biotite domains.
The peak conditions (T max ) experienced by sample w13-1, the only one depleted in biotite and enriched in organic material, were estimated by RSCM with the calibration of Beyssac et al. (2002) , yielding a T max of 528 6 30 C. In garnet-depleted samples (w13-2, w13-1), a multiequilibrium approach combining the thermodynamic models of Vidal et al. (2005 Vidal et al. ( , 2006 and Dubacq et al. (2010) was applied to constrain the metamorphic conditions of the Wm-Chl-Qz greenschist assemblage. Optimal P-T conditions were estimated along the P-T equilibrium curves of white mica at the T of chlorite assuming chemical equilibrium, following the procedures of Lanari et al. (2012 Lanari et al. ( , 2013 and Airaghi et al. (2017b) . Multi-equilibrium thermobarometry indicates P-T conditions for the Wm2-Chl2-Qz assemblage in sample w13-2 at 360-410 C, 3 6 1 kbar (black frame in Fig. 6b ). Equilibrium conditions of pairs of Chl2-Wm2 analyses were also tested simultaneously as an independent check (see Airaghi et al., 2017b, for details) , and yielded results of 3 6 1 kbar, 350-410 C, with three outliers below 2 kbar (black crosses in Fig. 6b) . In sample w13-1, a lack of convergence among the four equilibria involving Chl, Qz and H 2 O was observed and was interpreted as suggestive of temperatures >400-450 C (Lanari et al., 2012) . Fixing T at 400 C, the pressure for the Wm-bearing assemblage was estimated at 4Á5 6 1 kbar (Fig. 6c , conditions of mylonitization).
Texture and composition of REE minerals
The REE and Y contents of allanite are similar in all samples (Table 4) , but significant differences exist in the texture and composition between allanite rims in fresh Grt-Bt metapelites and allanite in retrogressed samples (Table 4 and Fig. 8 ).
Allanite in garnet-biotite metapelites
In sample w13-5, only few allanite grains (<150 mm in size) were observed as inclusions in garnet porphyroblasts (quartz inclusion-rich allanite) or stretched in the main S 2 cleavage in the matrix (inclusion-free allanite) (Figs 4a and 8a) . Allanite exhibits homogeneous light REE (LREE) contents (Table 4) , and is surrounded by two thin epidote rims $5 mm wide (inset in Fig. 8a) .
In sample w13-4, allanite exhibits the most complex textures with regard to the number of rims and inclusions. Allanite is observed only in the matrix, where it appears as subhedral grains (100-150 mm large) elongated in the main S 2 cleavage (Fig. 8b and c) . Allanite has a homogeneous composition in REE and Y and is surrounded by three generations of rims (Figs 8c and 9a) . The first rim R1 is <5 mm wide and enriched in REE (þ Y) and Th compared with the allanite core (Fig. 9a) . R1 is preserved only locally and is therefore difficult to analyze quantitatively (possibly REE carbonates or phosphates). Where R1 has been totally resorbed, quartz fills the space between the allanite and its second rim, R2 (Fig. 9a) . R2 is 20-25 mm wide and corresponds to a REE-rich epidote (REE <0Á5 a.p.f.u.) enriched in Y and Fig. 6 . Thermobarometric results. (a) P-T conditions of garnet growth in samples w13-5, w13-4 and w13-3 calculated using the GRTMOD fraction crystallization model. Grt1, garnet core; Grt2, garnet mantle; Grt3, garnet rims. Errors (continuous black lines) are estimated using the auto-refinement procedure provided in GRTMOD and a residual variation (C 0 ) of 61Á5 corresponding to the uncertainty resulting from the EPMA chemical analyses. Continuous grey line is the P-T loop retrieved from garnet conditions used for the modeling of Fig. 7 . Grey dashed line is the extrapolated portion of the P-T loop used following Airaghi et al. (2017b) . (b, c) P-T lines for white mica in retrogressed samples w13-2 and w13-1 calculated with the multi-equilibrium approach. Black frames: P-T conditions of the greenschist assemblages. Black crosses in (b) represent the equilibrium conditions calculated simultaneously for pairs of white mica and chlorite analyses in sample w13-2. depleted in LREE relative to the allanite core (and R1, Table 4 ). The third rim, R3 (Fig. 9a) , is a thin (5-10 mm wide) REE-rich epidote, enriched in Y compared with the allanite, but Y-depleted and LREE-enriched compared with R2 (Table 4) . Concentric zoning is observed in R3 as shown by the Ca X-ray maps (Fig. 9a) . The boundaries between the allanite and R1 and between R1 and R2 are sharp, whereas that between R2 and R3 is gradual.
In this same sample, w13-4, allanite contains abundant 'inclusions' (20-30 mm in size), oblique to S 2 in basal sections and subparallel to S 2 in longitudinal sections (Figs 8b, c and 9a ). Inclusions consist of quartz surrounded by successive rims of epidote ('trail' T2 and T3 in Table 4) , with compositions overlapping those of R2 and R3 (Fig. 9a) , and microstructurally cross the boundary between allanite core and rims.
In sample w13-3, allanite grains are either shielded as inclusions in garnet (Figs 4c, 5b and 8d) or elongated in the early S 1 -S 2 cleavage (Fig. 8e) . In both microstructural positions, allanite occurs as inclusion-free, sub-euhedral grains (50 mm wide, 600 mm long), surrounded by two successive REE-bearing epidote rims. The allanite core has a homogeneous Y and LREE content ( Fig. 9b and Table 4 ). The first rim of REE-rich epidote (Ep1) is enriched in Y and depleted in La, Nd, Sr and Ce compared with allanite. The second rim (Ep2) exhibits the composition of LREE-enriched and Y-depleted clinozoisite (Y < 568 ppm). The transition from allanite to Ep1 is sharp, whereas that between Ep1 and Ep2 is gradual. Allanite in the matrix is fractured and segmented. It should be noted that allanite is observed as inclusions in garnet only in samples w13-5 and w13-3.
Allanite in retrogressed samples
In both samples w13-2 and w13-1, allanite grains are generally smaller than in the fresh Grt-Bt metapelites (on average <50 mm, occasionally >100 mm). In sample w13-2, allanite is elongated in the main S 2 cleavage. Grains are generally fragmented (fragment size $50 mm) and fractured. They exhibit lobate grain boundaries suggestive of allanite resorption ( Fig. 8f and g ). Allanite breakdown into Mnz propagates in fractures and from grain boundaries towards the core of allanite (Fig. 8f) . Only rare evidence of tiny epidote rims (<2 lm wide; too small for EMPA) was observed around two large (>100 mm) allanite grains ( Fig. 8f and g ).
In sample w13-1, allanite occurs in aggregates of small grains (20-60 mm) elongated in the main foliation (Fig. 8h) or as isolated grains of 50-60 mm in size stretched or superimposed on the S 2 cleavage (Fig. 8i) . The composition of allanite is consistent throughout the sample (Table 4) . BSE images and EPMA reveal the existence of thin (<8 mm) epidote rims located around the isolated allanite grains, which are depleted in Al (Al <2Á10 a.p.f.u.) and LREE, but enriched in Y compared with allanite cores (Table 4) . Allanite is partially replaced by monazite 10-20 mm in size (inset in Fig. 8h and i). Monazite grains are elongated in the main foliation (Fig. 8h) and have Pb contents below the EPMA detection limit of 130 ppm (Table 5 ). Based on this Analysis: d.l. all15-7 all10-1 all1-3 all7 all14-2 all14-3 all7-2 all7-5 all16-2 all3-3 all6-2  all2  SiO 2  521  31Á00  34Á07  31Á83  31Á55  36Á02  38Á39 31Á72 35Á63  35Á45 33Á50 34Á93  31Á96  TiO 2  220  0Á12  0Á05  0Á17  0Á16  0Á05  0Á12  0Á12  0Á04  0Á05  0Á07  0Á06  0Á07  ThO 2  391  0Á58  1Á46  0Á78  0Á47  0Á26  0Á02  1Á52  0Á16  0Á27  2Á15  1Á24  0Á25  UO 2  556  0Á03  0Á19  0Á00  0Á00  0Á08  0Á04  0Á04  0Á07  0Á05  0Á44  0Á32  0Á11  Al 2 O 3  469  17Á65  22Á18  18Á75  18Á55  25Á21  28Á81 18Á85 24Á56  24Á48 21Á81 21Á99  20Á46  Y 2 O 3  568  0Á12  2Á03  0Á20  0Á19  0Á80  0Á00  0Á34  5Á88  5Á12  0Á45  0Á42  0Á21  La 2 O 3  615  5Á65  2Á36  4Á61  5Á91  1Á54  0Á06  5Á22  0Á27  0Á65  2Á90  3Á11  4Á85  Ce 2 O 3  520  11Á21  4Á80  10Á70  11Á10  3Á07  0Á15  9Á75  0Á45  1Á15  5Á65  6Á13  9Á72  Pr 2 O 3  1094  1Á29  0Á52  1Á39  1Á30  0Á32  0Á04  1Á11  0Á00  0Á13  0Á59  0Á67  0Á82  Nd 2 O 3  530  4Á43  2Á14  4Á74  4Á17  1Á30  0Á08  3Á90  0Á26  0Á56  2Á55  2Á59 Ti  0Á01  0Á00  0Á01  0Á01  0Á00  0Á01  0Á01  0Á00  0Á00  0Á00  0Á00  0Á01  Th  0Á01  0Á03  0Á02  0Á01  0Á00  0Á00  0Á03  0Á00  0Á01  0Á04  0Á02  0Á01  U  0 Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á01  0Á01  0Á00  Al  2Á03  2Á33  2Á10  2Á09  2Á49  2Á66  2Á10  2Á45  2Á44  2Á31  2Á29  2Á24  Y  0 Á01  0Á10  0Á01  0Á01  0Á04  0Á00  0Á02  0Á26  0Á23  0Á02  0Á02  0Á01  La  0Á20  0Á08  0Á16  0Á21  0Á05  0Á00  0Á18  0Á01  0Á02  0Á10  0Á10  0Á17  Ce  0Á40  0Á16  0Á37  0Á39  0Á09  0Á00  0Á34  0Á01  0Á04  0Á19  0Á20  0Á33  Pr  0Á05  0Á02  0Á05  0Á05  0Á01  0Á00  0Á04  0Á00  0Á00  0Á02  0Á02  0Á03  Nd  0Á15  0Á07  0Á16  0Á14  0Á04  0Á00  0Á13  0Á01  0Á02  0Á08  0Á08  0Á11  Sm  0Á02  0Á01  0Á02  0Á02  0Á00  0Á00  0Á02  0Á00  0Á01  0Á02  0Á02  0Á01  Gd  0Á01  0Á02  0Á01  0Á01  0Á00  0Á00  0Á01  0Á02  0Á02  0Á02  0Á02  0Á01  Mg  0Á02  0Á02  0Á02  0Á02  0Á01  0Á00  0Á03  0Á01  0Á02  0Á04  0Á03  0Á06  Ca  1Á10  1Á43  1Á08  1Á11  1Á71  2Á01  1Á15  1Á58  1Á57  1Á44  1Á43  1Á25  Mn  0Á02  0Á02  0Á04  0Á04  0Á03  0Á00  0Á04  0Á04  0Á04  0Á01  0Á01  0Á00  Fe   2þ   0Á89  0Á54  0Á90  0Á85  0Á26  0Á00  0Á75  0Á37  0Á37  0Á47  0Á60  0Á65  Fe   3þ   0Á06  0Á15  0Á02  0Á02  0Á23  0Á31  0Á16  0Á21  0Á23  0Á23  0Á06  0Á13  Sr  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  Pb  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  Na  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  RREE  0Á84  0Á45  0Á79  0Á82  0Á23  0Á01  0Á74  0Á32  0Á33  0Á44  0Á46  0Á67  XLREE  0Á78  0Á56  0Á74  0Á78  0Á65  0Á65  0Á76  0Á07  0Á18  0Á68  0Á70  0Á78  XMREE  0Á21  0Á23  0Á25  0Á21  0Á20  0Á35  0Á22  0Á10  0Á13  0Á27  0Á25  0Á20  XHREE  0Á01  0Á21  0Á01  0Á01  0Á15  0Á00  0Á02  0Á83  0Á69  0Á05  0Á04  0Á02  Th/U  15Á25  7Á34  -100Á50  3Á14  -27Á57  2Á30  4Á89  4Á79  3Á82 
Geochronological results
In all investigated samples, allanite exhibits high Th/U ratios and a higher variability of Th/Pb relative to U/Pb. Therefore, the Th-isochron approach was favored to constrain the final age of a given population using the slope of the regression line and to retrieve the initial Pb composition 208 Pb/ 206 Pbc (as suggested by Gregory et al., 2007; Janots & Rubatto, 2014) . The resulting uncertainties in common lead composition (f 206 ) estimated by the isochron method were propagated through the age calculation procedure using a MonteCarlo technique (Burn et al., 2017) . Dating results are summarized in Fig. 10 . In sample w13-4, the Th-isochron defined by 15 analyses (corresponding to 10 analyzed grains) yielded an age of 179Á8 6 8Á7 Ma (2r). In sample w13-3, the slope of the isochron (25 allanites for 10 analyzed grains both in the matrix and as inclusions in garnet) yielded an older age of 203Á2 6 4Á2 Ma (2r). An age of 182Á7 6 5Á8 Ma was calculated for allanite from sample w13-2 (10 analyzed grains). In contrast, two distinct groups of allanite were observed in the Th-isochron diagram for sample w13-1. The first one (group 1, Gr1) has a low Al content of 2Á08-2Á18 a.p.f.u. (measured by LA-ICP-MS), consistent with the Al concentrations determined by EPMA for Aln, and an age of 200Á3 6 7Á3 Ma (Fig. 10d and e) . The second group (Gr2 in Fig. 10e) shows a higher Al content (2Á19-2Á29 a.p.f.u.), corresponding to EPMA values for Ep1, and yielded a younger age of 180Á3 6 13Á5 Ma (Fig. 10d) .
DISCUSSION
Critical evaluation of thermobarometric results
The results from thermodynamic modeling and Ti-inbiotite thermometry show that all studied samples experienced peak metamorphic conditions (T max ) between 560 and 600 C. Sample w13-5 is the one that best preserves the prograde to peak path from 7Á5 kbar, 
530
C to 10 kbar, 597 C. In sample w13-4, P cannot be constrained using garnet. However, the absence of staurolite, the volume fractions of biotite and garnet observed in the thin section, and the measured Si content of biotite and Wm (Supplementary Data Fig. S1 ) are well reproduced along the same P-T path as retrieved for sample w13-5, suggesting similar P conditions of garnet growth (Fig. 7b) . The difficulty in modeling the grossular fraction of garnet (and therefore the derived high uncertainty in P) can be related to the unusual Ca zoning revealed by EPMA. The highest Ca content might indeed be a minimal estimate if the very Pb c diagrams obtained for all dated samples (a-d) and Al (a.p.f.u.) content determined by LA-ICP-MS for the same volume of material of the two population of allanite in sample w13-1 (e) (see text for details). Each allanite analysis is represented by an ellipse. The calculated age is reported in color above the isochrons. Blue, age <200 Ma; red, age >200 Ma. Insets in isochron diagrams are representative allanite backscattered electron images showing the location of the laser spots (24 mm) used for dating. Numbers in brackets are the Pb isotopic ratios predicted by the 'global lead evolution model' of Stacey & Kramers (1975). garnet core was missed, as the flat Mn and Fe zoning might indicate (Fig. 4b) .
In sample w13-3, garnet grew at 560 C, 8 kbar, with a garnet reaction overstepping of $100 C, quickly, as attested to by the absence of zoning in major elements and of earlier garnet relics. In this same sample, the Grtbearing assemblage overprints the early S 1 -S 2 cleavage that wraps the garnet and biotite in the other studied samples. Garnet in this sample may represent a prograde growth stage or the metamorphic peak, at slightly lower P than in sample w13-5. A small difference of P (considering the uncertainties) between samples w13-3 and w13-5 would be consistent with the small offset expected for the eastward prolongation of the WSW-ENE thrust fault bordering the Cambrian-Ordovician units into the Silurian sediments (Fig. 1b) . This tectonic discontinuity may also have acted as a favored fluid path allowing the rapid development of the new mineral assemblage in sample w13-3 (e.g. Airaghi et al., 2017b) . It is of note that, whereas biotite precedes garnet growth in samples w13-5 and w13-3, biotite is syn-to post-garnet in sample w13-4, in good agreement with the petrological observations.
Temperature ranges estimated with the Ti-in biotite thermometry in 'fresh' garnet-biotite metapelites are in good agreement with prograde to peak temperatures calculated with the thermodynamic modeling approach. In the retrogressed samples w13-2 and w13-1, the Ti-in biotite thermometry and the RSCM thermometry reveal that the rocks also experienced amphibolite-facies conditions, as testified by the presence of biotite porphyroblast pseudomorphs (sample w13-1).
Timing and mechanisms of allanite growth
In all analyzed samples, matrix allanite and its rims are oriented in the main foliation. This strongly suggest that allanite grains are syn-S 2 , although a partial rotation of the allanite grains during the incipient S 2 -forming stage cannot be discarded, especially in samples w13-5 and w13-3. Microstructures suggest that allanite is pregarnet and biotite (<520 C) in samples w13-5 and w13-3, but syn-to post-garnet (>520 C) and possibly synbiotite in sample w13-4. Based on these observations and on compositional analyses, we attempt to correlate the timing and mechanisms of allanite growth to the composition and textures of the other minerals. We especially characterize the partitioning of Y between garnet and allanite-epidote, which has already been used as a good proxy for evaluating the growth conditions of other accessory minerals, such as monazite, xenotime, apatite, and zircon (e.g. Bea & Montero, 1999; Rubatto et al., 2001; Rubatto, 2002 Rubatto, , 2017 Spear & Pyle, 2002; Pyle & Spear, 2003; Kohn & Malloy, 2004; Kohn et al., , 2005 Yang & Pattison, 2006; Gieré et al., 2011; Regis et al., 2016) .
Pre-garnet allanite growth in garnet-biotite metapelites
In samples w13-3 and w13-5, allanite, as inclusions in garnet and in the matrix, exhibits the same number of epidote rims (Ep1 and Ep2), suggesting that they are prograde features preceding garnet growth, in agreement with observations by Janots et al. (2008) and Kim et al. (2009) . It should be noted that allanite is observed as inclusions in garnet only in samples w13-5 and w13-3, but this preservation cannot only be due to the high volume-fraction of garnet in these samples. Garnet is indeed significantly present also in sample w13-4 ($5 vol. %) where grains are even more randomly distributed (Fig. 2) . Prograde growth is also supported by the Y content in garnet, which is close to, or below, the EPMA detection limit. Owing to the significant REE concentration in the bulk-rock w13-3, the low Y content in garnet indicates that Y (and heavy REE; HREE) is mainly distributed in Aln and Ep1. In this case, garnet growing after allanite-epidote does not equilibrate with respect to the Y and HREE, as they are sequestered in allanite and epidote rims and remain isolated from the reactive bulk composition (Fig. 11a) .
The prograde allanite-producing reactions remain difficult to assess. The presence of apatite as inclusions in garnet and in the matrix might suggest that allanite formed from the breakdown of monazite (6 xenotime) present at low greenschist-facies metamorphic conditions [as proposed by Finger et al., 1998; Wing et al., 2003; Janots et al., 2008;  Fig. 11a (i) ], but other REE sources cannot be ruled out. Microtextures and compositional analyses suggest that the partial dissolution of allanite provided the REE that were incorporated in the Ep1 and Ep2 rims [ Fig. 11a (ii) ]. The Y enrichment of Ep1, however, cannot be explained only with resorption of allanite, and requires the reaction of an Y-bearing additional phase, such as the remnant xenotime [ Fig. 11a (ii) ]. This is in line with the previously proposed breakdown reactions of monazite and xenotime as a mechanism to form allanite and Y-rich epidote rims (Janots et al., 2008) . The Ca necessary for epidote formation can be provided by the albitization of plagioclase. Garnet grew from Chl, Wm and Qz that formed the S 1 -S 2 cleavages [ Fig. 11a (iii) ]. The CaO content of the bulk-rock of w13-3 (3Á3 wt %; Table 2 ), is higher than in the other samples, and may have favored the prograde growth of allanite (see Engi, 2017, for a review) . This is, however, not observed in sample w13-5, which exhibits a CaO content of only 0Á46 wt %. Microstructures and model results suggest that allanite precedes garnet growth only in samples where biotite and garnet grew together or biotite slightly precedes the garnet growth (w13-5, w13-3). Wing et al. (2003) observed that in metapelites of Northern New England, USA, the appearance of allanite corresponds to the biotite-in isograd. We could therefore propose that also in our samples allanite formation is broadly simultaneous with the appearance of biotite, thus explaining the differences in the timing of allanite growth (Fig. 11) . The succession of (unbalanced) reactions can be thus considered as follows (Fig. 11a) :
Syn-to post-garnet allanite growth in Grt-Bt metapelites
In sample w13-4, allanite is observed only in the matrix, suggesting that it postdates the garnet growth. The post-garnet growth of allanite is also supported by the Y content in garnet, which is higher than in samples w13-3 and w13-5. Indeed, prior to allanite crystallization, garnet can represent the main host for Y (and HREE). The higher garnet modal abundance in sample w13-3 (>10 vol. %) relative to sample w13-4 ($5 vol. %) may account for a redistribution of Y in a larger volume of rock, but cannot account alone for the Y depletion of w13-3 garnet grains. Sample w13-4 also exhibits complex garnet and allanite textures, with allanite showing evidence of resorption and replacement by epidote rims. Furthermore, the discontinuous Y zoning in garnet is not compatible with a Rayleigh fractionation model (Otamendi et al., 2002) , supporting a supply of Y from the breakdown or resorption of Y-bearing accessory phases during garnet growth [Fig. 11b (i) and (ii) ]. Prior to allanite formation, xenotime might be evoked as a source of Y [as proposed by Spear & Pyle, 2002; Pyle & Spear, 2003; Yang & Rivers, 2003;  Fig. 11a (i) ]. The Y content in the garnet mantle then decreases, as Y is sequestrated from the reactive volume by the growth of allanite [ Fig. 10b (ii) ]. The competition between the slow diffusion of Y and the relatively fast garnet-mantle growth rate required to explain the trapping of inclusions (Yang & Rivers (2003) ) might also partially account for the Y depletion in garnet mantles. Furthermore, both garnet and allanite rims show features that suggest fluid-assisted reactions. Allanite and its rims are partially dissolved and contain quartz and epidote inclusions (T2 and T3) with epidote compositions similar to those found in the rims (R2 and R3, Fig. 9a and Table 4 ). Inclusion trails have different orientations depending on the allanite section, attesting that they are not relics of an early foliation (S 1 ). Furthermore, they crosscut not only the allanite but also Fig. 11 . Sketch illustrating possible allanite-forming reactions and the evolution of allanite rims in sample w13-3 (a) and w13-4 (b). It should be noted that allanite precedes the garnet growth in w13-3 and follows the appearance of garnet in w13-4 (see text for details). The size of allanite has been magnified 2Â (a) and 5Â (b) compared with the size observed in the thin section to allow the epidote rims to be distinguished. the epidote rims, showing that they grew later. It is therefore proposed that these are secondary epidote inclusions, caused by dissolution and replacement of the primary allanite. Similar textures with secondary inclusions within a primary accessory phase were observed in experimentally altered monazite (Budzy n & Kozub-Budzy n, 2015; Grand d'Homme et al., 2016b) . To our knowledge, this process has rarely been described in natural samples. Secondary inclusions are interpreted to result from precipitation in pores caused by the dissolution along crystallographic planes or channelized pathways (e.g. nanocracks) created during replacement by interfacially coupled dissolutionprecipitation (Putnis, 2009; Putnis & John, 2010; Grand d'Homme et al., 2016b) . Allanite resorption could account for the REE content of the allanite rims, but cannot explain the Y enrichment. R1 and R2 may therefore have formed from the concomitant partial dissolution of allanite and another Y source that could be represented by a REE-bearing phase [e.g. residual xenotime; Fig. 11b (iii); see also Regis et al., 2012] or by the reactive fluid. The Y enrichment of garnet rims and the REE enrichment in R3 may witness the partial dissolution of allanite, R1 and R2 [ Fig. 11b (iii) ]. The growth of R3 (REE-rich clinozoisite composition) may contribute to the decrease of the Ca content in the garnet rims. A minor resorption of garnet core and mantle could have equally participated in the mobilization of Y, as indicated by the garnet textural zoning (Fig. 4b) . To summarize, the successive (unbalanced) reactions of growth and resorption of allanite and its rims in sample w13-4 can be written as
Allanite replacement in retrogressed samples
For samples w13-2 and w13-1, located close to or within the WSZ, strong evidence of the greenschist overprint is found owing to deformation (up to mylonitization in w13-1) and fluid-assisted reaction (e.g. Bt alteration and pseudomorphs). This retrogression leads to a decrease of allanite grain size by fragmentation and its alteration to Mnz at the rim, along cracks and as secondary inclusions (see previous section). However, primary allanite shows no significant elemental or isotopic changes. Allanite grains have compositions similar to those in samples w13-3, w13-4 and w13-5 and exhibit ages in the same interval, indicating that they grew during the same metamorphic event. Allanite displays few relics of epidote rims, suggesting that they preferentially reacted during retrogression. Because no monazite was observed in fresh Grt-Bt metapelites, monazite is interpreted to have formed during the greenschist overprint in the most retrogressed samples. In the study by Cenki-Tok et al. (2011) , Permian allanite preservation in Alpine mylonite was attributed to the mechanical and chemical effects of shielding provided by epidote rims around allanite during mylonitization. In our samples, such a process may explain the allanite preservation and the disappearance of allanite rims in deformed and retrogressed samples, according the unbalanced reaction
Critical evaluation of the geochronological data Our thermometric estimates show that allanite formed below the closure T for Pb diffusion (>700-750 C; Rubatto et al., 2001; Gregory et al., 2012; Engi, 2017) . Therefore, allanite is expected to record growth ages.
To check the quality of our age results we tested if the application of a common Pb correction based on the isotopic ratio predicted by the 'global lead evolution model' of Stacey & Kramers (1975) still defined one single age group as the isochron approach indicates. This was verified for allanite of samples w13-2, w13-3 and w13-4. In sample w13-1, two age groups were observed with both approaches (Gr1 and Gr2 in Fig. 10d and e) .
Although in the most retrogressed sample (w13-1), a large part of the original petrological information has been lost (e.g. Grt and Bt have disappeared), the ages of Gr1 (Al-poor; 200Á3 6 7Á3 Ma) are close to the ages of allanite in sample w13-3, whereas ages of Gr2 (Aldepleted) are consistent with the allanite ages of sample w13-4 (Figs 10 and 12) . A contribution of the muscovite surrounding the allanite grains (Al-enriched and Th-Pb depleted relative to allanite) cannot, however, be excluded, given the size of the laser spot (but will not affect the ages).
P-T-t paths, metamorphic rates and regional tectonic implications
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Ar ages of syn-to post-D 2 biotite grains obtained for samples located $40 km northeastward in an equivalent structural position (Airaghi et al., 2018a;  dashed lines in Fig. 12 ). This strengthens the interpretation that allanite growth is coeval with the D 2 -deformation stage and shows that in the central Longmen Shan, far from the major fault zone, biotite retains Ar-Ar crystallization ages (Airaghi et al., 2018a) at T > 550 C. Geochronological results are also in line with the monazite and zircon U-Pb ages obtained by Huang et al. (2003b) , Weller et al. (2013) and Jolivet et al. (2015) for the onset of the Barrovian metamorphism in the Danba area ($150 km to the SE; Fig. 1a) . Hence, in the Longmen Shan, allanite records in its texture and composition the two-stage amphibolite-facies metamorphism revealed by petrology (Airaghi et al., 2017b) . Allanite formation during prograde up to peak metamorphism covers a range of c. 20 Myr (Fig. 12) , consistent with the interval of granite emplacement in the SPG block (Roger et al., 2004; de Sigoyer et al., 2014) .
The similarity between the peak-T conditions and the allanite ages recorded in sample w13-1-located in Devonian units and close to a major tectonic lineament-and those recorded in the fresh Silurian metapelites far from the fault indicates that all these samples underwent a similar amphibolite-facies metamorphism. The increasing greenschist overprint (as low as 3 6 1 kbar, 350-400 C) approaching the Wenchuan Shear Zone (samples w13-2 and w13-1) supports the hypothesis that faults act as zone of localizing deformation and favored fluid paths, triggering mineral reequilibration. The P-T estimates for the greenschist-facies overprint are consistent with the 400-450 C proposed for the breakdown of allanite into monazite during greenschist retrogression (Bollinger & Janots, 2006; Janots et al., 2008) and with the temperature estimated for the greenschist-facies assemblage in the metapelites of the Tonghua area (Airaghi et al., 2017b; Fig. 1) . Based on the maximum age of the Pb-poor monazite replacing allanite during this retrogression, we propose a late reactivation of the WSZ at <90-100 Ma, immediately after the Cretaceous compressional reactivation of the belt recorded by 40 Ar/ 39 Ar muscovite ages in the Tonghua and Pengguan areas ( Fig. 12 ; Airaghi et al., 2017a Airaghi et al., , 2018a .
CONCLUSIONS
Five metapelites collected in the central Longmen Shan at a decreasing distance from the major WSZ experienced a consistent metamorphism under amphibolitefacies conditions (10-11 kbar, 560-600 C). In proximity to the WSZ, partial to complete greenschist overprinting occurred at 3-4 6 1 kbar and 350-400 C. Allanite in 'fresh' Grt-Bt metapelites exhibits a variable number of Y-enriched and Y-depleted epidote rims. In samples where both allanite and its rims are included in garnet, garnet is depleted in Y, suggesting that Y fractionated into allanite and was not remobilized during garnet growth. In samples where allanite is observed only in the matrix, garnet is Y-enriched, as Y was provided by the breakdown of Y-bearing accessory phases involving allanite growth or resorption reactions. The timing of allanite formation seems to correlate with the appearance of biotite in the stable mineral assemblage. Whole-rock composition and fluid availability during metamorphism are probable causes for textural differences amongst allanite in different samples, limiting its growth or resorption. The whole-rock composition may play an important role in determining the quantity of fluid released during the metamorphic reactions. Tectonic structures could also channelize fluids into the metamorphic rocks, triggering reequilibration and mineral resorption.
Our petrochronological approach shows that detailed studies of the textures and composition of allanite can provide precious information on the timing of allanite growth. Pre-garnet allanite yields Th/Pb ages of c. 200 Ma (timing of thickening of the Songpan-Ganze sediments during the closure of the Paleotethys), whereas postgarnet allanite exhibits ages of c. 180 Ma (timing of the peak-T and the beginning of exhumation). In the two more deformed and retrogressed samples, allanite still preserves the same chemical and isotopic signatures as in fresh garnet-biotite metapelites, but it is partially replaced along its rims by monazite with ages <90-100 Ma, pointing to a late activation of the WSZ.
